Pectic polysaccharides solubilized in vivo during ripening, were isolated using phenol, acetic acid, and water (PAW) from the outer pericarp of kiwifruit (Actinidia deliciosa [A. Chev.] C.F. Liang and A.R. Ferguson var deliciosa 'Hayward') before and after postharvest ethylene treatment. Insoluble polysaccharides of the cell wall materials (CWMs) were solubilized in vitro by chemical extraction with 0.05 molar cyclohexane-trans-1,2-diamine tetraacetate (CDTA), 0.05 molar Na2CO3, 6 molar guanidinium thiocyanate, and 4 molar KOH. The Na2CO3-soluble fraction decreased by 26%, and the CDTA-soluble fraction increased by 54% 1 day after ethylene treatment. Concomitantly, an increase in the pectic polymer content of the PAW-soluble fraction occurred without loss of galactose from the cell wall. The molecular weight of the PAW-soluble pectic fraction 1 day after ethylene treatment was similar to that of the Na2CO3-soluble fraction before ethylene treatment. Four days after ethylene treatment, 60% of cell wall polyuronide was solubilized, and 50% of the galactose was lost from the CWM, but the degree of galactosylation and molecular weight of pectic polymers remaining in the CWMs did not decrease. The exception was the CDTA-soluble fraction which showed an apparent decrease in molecular weight during ripening. Concurrently, the PAW-soluble pectic fraction showed a 20-fold reduction in molecular weight. The results suggest that considerable solubilization of the pectic polymers occurred during ripening without changes to their primary structure or degree of polymerization. Following solubilization, the polymers then became susceptible to depolymerization and degalactosidation.
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Pectolytic enzymes such as endopolygalacturonase and #-galactosidase were therefore implicated in the degradation of solubilized cell wall pectic polymers but not the initial solubilization of the bulk of the pectic polymers in vivo.
Studies detailing the involvement of pectolytic enzymes such as PG2 in cell wall degradation have been prompted by ' Supported in part by a grant from the New Zealand Kiwifruit Board.
2 Abbreviations: PG, endopolygalacturonase; CWM, cell wall material; CDTA, cyclohexane-trans-1 ,2-diamine tetra-acetate; GTC, guanidinium thiocyanate; PAW, phenol:acetic acid:water (2:1:1, w/ v/v); SSC, soluble solids concentration; CTAB, hexadecyltrimethylammonium bromide; d.e., degree of esterification.
the observation that the cell wall pectin content of many fruit decreases or changes its form during ripening. Attempts have been made to relate an increase in the activity of a particular cell wall-degrading enzyme to the onset and development of fruit softening. This approach has provided apparent correlations, but most are inconclusive, and one, polygalacturonase involvement in tomato softening, has largely been discredited by results of genetic experiments. PG activity in tomato fruit increases dramatically during ripening because of de novo synthesis of the enzyme (3, 5) . However, when the PG gene was introduced into a nonripening mutant tomato (9) , the rate of softening, ethylene production, and color development did not increase markedly. The authors concluded that PG, although necessary for polyuronide degradation, was not the primary determinant of softening in the transgenic fruit. The findings were confirmed by Smith et al. (20) who investigated the role of PG using mutant tomato lines in which the expression of the PG gene was largely suppressed by antisense RNA. Their results also suggested that, although PG may be necessary for in vivo depolymerization of the pectic polymers, it was not necessarily the cause of pectin solubilization. More recently, however, DellaPenna et al. (6) obtained results that contradict these findings and led them to believe that polyuronide solubilization and depolymerization were separate manifestations of the same process, catalyzed by the PG isozyme, PG1 .
Another approach for deducing the nature of the physicochemical and enzymological processes involved in pectin solubilization is to characterize the in vivo chemical changes in polyuronide structure that accompany ripening. Changes to individual polymer fractions isolated by chemical methods can be related to the in vivo situation, providing precautions are taken to minimize inadvertent degradation of the cell wall during its preparation and fractionation. It is important that changes to a specific fraction are not assessed in isolation but in relation to the changes in all fractions. Otherwise, it is possible to attribute a physiological basis to a change that is in part an artifact of the methodology. To study the transition in the fruit from insoluble cell wall to partially solubilized cell wall, it is necessary that methods make a distinction between the insoluble cell wall and the polymers solubilized in vivo during ripening. Cell It has been demonstrated that the solubilization of pectic polymers during kiwifruit ripening is even more extensive than in tomato (13) . However, levels of PG activity reported in ripe kiwifruit were 300-fold less than in tomato (21) . The objective of the present study was to characterize the changes to cell wall pectic polymers of ripening kiwifruit that occurred during and after solubilization of the pectic polymers in an effort to clarify mechanisms involved in the solubilization process. (14) . The column, SP-2330-fused silica (30 m x 0.32 mm), was maintained at 12O°C for 2 min, and then the temperature was increased to 220°C at 25°C/min. Uronic acid was measured by the m-hydroxydiphenyl assay (2) , and column fractions were monitored spectrophotometrically by the phenol-sulfuric acid (7) and m-hydroxydiphenyl assays at 490 and 524 nm, respectively. Degree of esterification was determined as previously described (14) . Precipitation of the pectic polymers with CTAB was done by the procedure of Scott (18) . Protein was determined by the Kjeldahl method (N x 6.4). Viscosity measurements of CWM suspensions were done with a Brookfield Synchro-electric Viscometer as described previously (16) .
MATERIALS AND METHODS

Plant
Gel Filtration
The following columns were used: Sepharose CL-2B (2.5 x 70 cm) for the pectic polymers solubilized from the CWMs and Sepharose CL-6B (2.0 x 90 cm) for the PAW-soluble polymers. Gel media were equilibrated in 0.05 M acetate buffer (pH 6.0) containing 125 mm NaCl. Each polymer fraction (5 mg) was dissolved in 1.0 mL buffer, eluted from the column at 10 mL/h, and 2 mL fractions were collected.
13C-NMR Analysis
Spectra were recorded under conditions of broad-band proton decoupling on a Bruker AM 400 spectrometer at an operating frequency of 100.62 MHz. Native pectic polymers were examined as solutions in D20 (50 mg in 3 mL solvent) in 10-mm spinning tubes at 55°. Spectra were obtained using 900 pulses with a pulse repetition time of 1.3 s; 64,000 data points and 50,000 transients were acquired. Spectra were processed with exponential multiplication, typically 5 Hz. Spectra were referenced to external 4,4-dimethyl-4-silapentane sodium sulfonate.
RESULTS
Changes to CWM and PAW-Soluble Polymer Fractions
Between the May 4 and and 23 (before ethylene treatment), the fruit showed a decrease in firmness, an increase in SSC, and a loss of starch (DMSO-soluble fraction) from the outer pericarp of kiwifruit (Table I) 14 .3%, indicating that the solvent had solubilized only a small amount of pectic polymer (Table II) . One day after ethylene treatment, the polyuronide levels in the PAW-soluble fraction increased to 55.8%. Concurrently, in the CWM there was a decrease in the polyuronide content and its d.e. ( Table   Table I CWMs contained protein that increased in amount as the fruit ripened (Table II) . There was a concomitant decrease in the protein content of the PAW-soluble fractions (Table II ). An increase in the protein content of the CWMs paralleled a decrease in the d.e. of the CWM polyuronide (Table II) . As more free carboxylic acid groups are generated, the capacity ofthe cell wall pectic substances to bind basic proteins would increase. CWMs and the PAW-soluble fractions at several stages of ripening were hydrolyzed in 6 N HCl, and the amino acid composition was examined by thin-layer electrophoresis/ chromatography (1). The amino acid compositions were identical (data not given). (Table IV) (Fig. 3) . The CWM residue, however, lost galactose during the same period. The amount lost from the CWM residue was accounted for by the galactose gained in other fractions, particularly the Na2CO3-soluble fraction (13) .
Changes to Mol Wt and Degree of Galactosidation of Pectic Polymer Fractions
The CDTA-soluble fraction was the only CWM pectic fraction to show a marked reduction in mol wt during ripening (Fig. 4) . From 1 d after ethylene treatment, the mol wt of the fraction diminished and continued to do so until 8 d after ethylene treatment (Fig. 4) .
Previously, we reported that an increase in the mol wt and the galactose, rhamnose, and arabinose content of the Na2CO3-soluble pectic polymers occurred at an advanced stage of ripening, despite a net loss of the Na2CO3-soluble fraction from the cell wall (16) . Gel permeation profiles on Sepharose CL-2B of the Na2CO3-soluble fractions at selected ripening stages (Fig. 5) Confirmation that the increased galactose of the Na2CO3-soluble fractions was accommodated in 3-1-4-galactan side chains was provided by the 13C-NMR spectra of the Na2CO3-soluble fractions at harvest and 2 d after ethylene treatment. Signal assignments were based on published spectra of several plant pectins (4, 12, 17) . Chemical shifts at 106. Table V. Pectic polymers in the GTC-and KOH-soluble fractions at selected ripening stages were separated from the hemicelluloses by CTAB precipitation. Additional pectic polymers were solubilized from the CWM residue in 8 M KOH and after dialysis were subjected to CTAB precipitation. There was an increase in the degree of branching of the pectic polymers as they became more difficult to solubilize from the CWM. Thus, the ratio of galactose:uronic acid at harvest was 1:74, 1:20, 1:2, 0.9:1, and 0.8:1 for the CDTA-, Na2CO3-, GTC-, and KOH-soluble and CWM residue pectic polymers (Table  V) . Compared with the harvest polymers, a doubling of the galactose, arabinose, and rhamnose contents of the Na2CO3-soluble polymers occurred 1 d after ethylene treatment, and a tripling occurred 4 d after ethylene treatment. The CDTAsoluble fraction followed a similar trend. During ripening, the ratio of galactose:uronic acid in the pectic polymers of the CDTA-, Na2CO3-, and GTC-soluble and CWM residue fractions either did not decrease markedly or increased when compared with the harvest level. The exception was the KOHsoluble fraction, which appeared to show a reduction in the ratio of galactose to uronic acid. However, KOH-soluble fractions contained very high levels of xylose, which probably originated from the 4-O-methylglucuronoxylan (Table V) (16) . The acidic hemicellulosic polymer would also have been precipitated by CTAB. Its proportion of the KOH-soluble fraction increased markedly as the pectic polymers were lost from the fraction, making it difficult to assess the neutral sugar to uronic acid ratio of the pectic polymer content.
The mol wt of the GTC-and KOH-soluble and CWM residue pectic fractions at harvest and 4 d after ethylene treatment were compared by gel permeation chromatography on Sepharose CL-2B (Fig. 6) . There was little apparent reduc- likely to interact ionically with basic cytoplasmic proteins.
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Changes to Na2CO3-and CDTA-Soluble Pectic Fractions
In a previous paper (16) , it was reported that the mol wt 2-and degree of galactosylation of the Na2CO3-soluble fraction CDTA increased during ripening. We speculated that this phenome- fraction to show a marked loss of pectic polymer was the Na2CO3-soluble fraction (Table IV ). In addition, 1 d after ethylene treatment, there was no net loss of neutral sugars from the CWM but a measurable shift of the neutral sugars normally associated with the pectic polymers from the CWM residue to the CDTA-and Na2CO3-soluble fractions.
The CDTA-soluble fraction, which is believed to contain the middle lamella pectin, demonstrated both a decrease in mol wt and an increase in total amount during ripening. In previous work (15) , the amount of CDTA-soluble fraction in the CWM decreased by 80%, a fact consistent with EM studies (I. C. Hallet, E. A. MacRae, and T. F. Wegrzyn, unpublished data) which showed dissolution of the middle lamella during ripening. The conflicting results are caused by the different solvent properties of PAW and SDS (13) , particularly the ability of SDS to dissolve moderate amounts of the Na2CO3-soluble fraction from the cell wall. In the present study, 1 d after ethylene treatment, the CDTA-soluble fraction increased by 54%, whereas the only other fraction to change markedly was the Na2CO3-soluble fraction which decreased by 25.6%.
The Na2CO3-soluble fraction was, therefore, the most likely source of the extra polymers recovered in the CDTA-soluble fraction.
Because the CDTA-soluble polymers are among the largest pectic molecules in the wall, any reallocation of the smaller molecules of the Na2CO3-soluble fraction would effectively decrease the mol wt of the CDTA-soluble polymers. The assumption that the reduction in mol wt ofthe CDTA-soluble fraction (Fig. 4) resulted from pectin hydrolysis may, therefore, be misleading. Nevertheless, the homogalacturonan-type structures found in the CDTA-soluble fraction would provide an ideal substrate for PG, and the possibility must be considered that the decrease in mol wt ofthe CDTA-soluble fraction resulted from the solubilization of middle lamella pectin by PG action.
Degalactosidation of the Pectic Polymers
The first polyuronides were solubilized 1 d after ethylene treatment, but this was not accompanied by a decrease in the Fraction number Figure 6 . Gel permeation profiles on Sepharose CL-2B of the pectic polymers of the GTC-and KOH-soluble and CWM residue fractions at harvest and 4 d after ethylene treatment. Column fractions were assayed for carbohydrate using the phenol-sulfuric acid method (7) (A49o (20) and DellaPenna et al. (6) with regard to the role of PG in pectin solubilization in tomato. In our study of kiwifruit, there was chemical evidence implying that PG and 3-galactosidase played a role in degrading the solubilized pectic polymers but were not necessarily involved in the process of solubilizing the bulk of the primary wall polymers. This supported the findings of Smith et al. (20) . On the other hand, there was tentative evidence to suggest that the CDTA-soluble fraction was depolymerized while part of the insoluble CWM, supporting the claim of DellaPenna et al. (6) that PG also mediated solubilization of some pectic polymers. If, despite the chemical evidence, PG and glycosidases were responsible for the solubilization of the bulk of primary cell wall pectic polymers in kiwifruit, then their action must be extremely restricted and selective.
Swelling of the CWM Swelling was detected 1 d after ethylene treatment and appeared to be in synchrony with both pectin solubilization and a decrease in the mol wt of xyloglucan during ripening ( 13) . After the cell walls have swollen, the aqueous environment of individual polymer chains is modified. Smaller, less branched polymers immobilized within the wall by the compactness of the structure in unripe fruit may be able to move within the looser more hydrophilic structure formed during ripening and, hence, be the first pectic molecules to be solubilized. More branched polymers, which at harvest were only solubilized in 4 M KOH, may become susceptible to solubilization in less severe solvents at later stages of ripening. Thus, the solubilization of the pectic polymers and their reallocation to different chemical fractions during ripening may be different manifestations of the same process. After the wall has swollen, the environment may also be more favorable for polysaccharide-degrading enzymes to act on pectic side chains. We do not know the causes of the loosening and swelling of the cell wall during kiwifruit ripening. If it is a manifestation of changes to the hemicellulose/cellulose polymers, then it invites the speculation that pectin solubilization in ripening fruit may not promote cell wall dissolution but be a consequence of it.
